Abstract. Non-invasive quantitative assessment of articular cartilage integrity is essential for early detection and evaluation of osteoarthritis (OA) and for the follow-up of stem-cell-driven cartilage engineering. In this study, we investigated the feasibility of exploiting diffusion tensor imaging (DTI) on porcine knee joints with a clinical magnetic resonance (MR) scanner to extract micro-structural information in order to complement biochemical information quantified by T2 maps. We propose an MR protocol for quantifying T2 and cartilage microstructure with diffusion MR on a clinical scanner. Preliminary results were obtained on four pig knee joints using a 3 T GE clinical MRI scanner and an 8-channel knee coil array. The measured cartilage volume, T2 values, apparent diffusion coefficient and fractional anisotropy (FA) of femoral and tibial cartilage were respectively 9.8/2.3 mm 2 , 67.0/56.1 ms, 1.3/1.3 × 10 −3 mm 2 /s and 0.4/0.3. This new protocol has the potential to be combined in vivo with quantitative assessment of both cartilage degradation and restoration in osteoarthritis.
Introduction
Assessment of both the integrity of articular cartilage and cartilage repair using non-invasive techniques is a key element in the diagnosis and treatment of osteoarthritis (OA) including stem cell therapies [1, 2] . Proteoglycan and collagen are responsible for the mechanical properties of cartilage. In the initial stages of OA, loss of proteoglycan and disruption of the collagen network occur, extending degradation of the hyaline cartilage degradation. In clinical practice, magnetic resonance imaging (MRI) is the current gold standard method to explore damage to articular cartilage [3] . Conventional MR methods are mostly restricted to either qualitative comparison by radiologists or morphological measurements, such as the volume and thickness of the cartilage [3, 4] . However, such global morphological data fail to provide the biomechanical and physiologic information which is indispensable for early detection of OA and for monitoring cartilage repair [5] .
To overcome the above clinical measurement problems, various sequences have been proposed and investigated to assess cartilage composition, among which delayed gadolinium-enhanced MRI for T1 mapping, T1 rho (spin-lock) imaging, T2 mapping and diffusion MR are considered to be the most promising techniques. T1 mapping with delayed gadolinium-enhanced MRI (dGEMRIC) allows quantitative measurement of glycosaminoglycan (GAG) content, as Gd-DTPA2-molecules enter the cartilage and concentrate in places where GAG content is low [4] . T1ρ (T1 rho) imaging monitors the interaction between motion-restricted molecules of water and their local environment. T1ρ values increase in damaged cartilage and are sensitive to changes in extracellular matrix, such as depletion of proteoglycan and the orientation and concentration of collagen fibre [6] .
T2 mapping provides information on the interaction between water molecules, water molecules and the surrounding macromolecules and hence indirect information on the concentration and orientation of the collagen network [2, 7] . T2 is very sensitive to changes in cartilage integrity. Damaged cartilage tissues have higher T2 values than normal cartilage. Nishioka et al. [6] reported a significant correlation between an increase in T2 values and the degree of degeneration of human cartilage, in particular the depletion of GAG observed by histological grading. Another encouraging alternative way to evaluate the composition of articular cartilage is diffusion MR, which exploits the molecular mobility of water protons. In healthy cartilage, extra-cellular components (e.g. the collagen network and proteoglycans) form a thick matrix, which limits the mobility of water molecules within the cartilage. This restriction causes a low apparent diffusion coefficient (ADC) at long diffusion time, whereas in a damaged cartilage matrix, the ADC is increased by the enhanced mobility of water. Diffusion tensor imaging (DTI) also has the advantage that variations in ADC values in cartilage or other tissues can be mapped [7] .
Several studies focused on water diffusion in articular cartilage. Burstein et al. [8] showed that selfdiffusivity of water in cartilage increased when enzymatic degradation of cartilage was induced using trypsin. Xia et al. [9] confirmed Burstein's observation by demonstrating that enzymatic or chemical degradation of canine cartilage enhanced ADC values. However, Xia's group found no evidence of a correlation between variation in ADC and GAG depletion. Mlynárik et al. [10] correlated changes in ADC with a decrease in proteglycan content in human arthritic cartilage, and compared with T1 values measured by Gd-DTPA enhanced T1 mapping and safranin-O in histological section.
More recently, Welsch et al. [11] demonstrated that T2 mapping and diffusion weighted imaging provide complementary information on the monitoring of cartilage repair after various surgical treatments. These authors showed that T2 mapping could be used to differentiate two neo-synthesized repair tissues, while diffusion MR could differentiate between healthy cartilage and repair tissue. These results of diffusion-weighted imaging were obtained in a recent study by Apprich et al. [12] . However, all these studies only investigated water diffusion in a single direction within the cartilage without considering the specific directional feature of water diffusion within cartilage caused by the orientation of the collagen fibers. Thus, such measurements of diffusion direction may be biased.
The other feature which reflects cartilage quality is its microstructure, i.e. the organization of the collagen fibers, which determines the mechanical competence of the cartilage. DTI can be used to understand its microstructure. Cartilage is composed of at least six diffusion weighted acquisitions (as used in [8] [9] [10] [11] [12] ) in different directions (usually uniformly distributed on the surface of the sphere), in order to solve the aforementioned directional dependency problem by reconstructing a diffusion tensor. Using the DTI technique on bovine and human articular cartilage, Filidoro et al. [13] demonstrated that the orientation of the maximum eigenvectors appears to express the arrangement of collagen fibres in arcades. Raya et al. [14] suggested that ADC are dependent on both proteoglycan and collagen contents and argued that ADC could help distinguish proteoglycan depletion from damage to collagen fibres. They also suggested that the fraction anisotropy (FA) and the first eigenvector were specific to the collagen architecture of cartilage. Meder et al. [15] used the DTI technique to investigate the collagen fiber microstructure of articular cartilage by analysing the main orientation of diffusion tensors.
A combination of several MR contrast mechanisms may be a more sensitive approach to assess the internal structural of cartilage integrity and hence of damage to the cartilage at an earlier stage, or to quantitatively assess the efficacy of stem cell therapy. However, most of these observations were made on high magnetic field small animal scanners. To transfer such monitoring techniques to a clinical scenario (i.e. on a clinical scanner with a much lower magnetic field) is an important step in promoting stem cell therapy and the aforementioned sequences for clinical applications. The aim of our work was to investigate the feasibility of applying two MRI techniques, T2 mapping and DTI to characterise articular cartilage microstructure in pig knee joints on a 3 T MR scanner.
Materials and methods

Sample preparation
Four samples of 18 month-old porcine knee joints were obtained fresh from a local abattoir. Samples were maintained frozen at −20 • C prior to analysis. Twenty-four hours before acquisition, the samples were defrosted at 4 • C then at room temperature for 1 h. Two knee joints were embedded in a 4% agarose (Sigma, France) gel to minimize geometric distortion during acquisition (preparation 1). Two other samples were imaged without being embedded in gel (preparation 2).
Magnetic resonance imaging
MRI experiments were undertaken at room temperature on a 3 T clinical MR scanner (Signa HDx, General Electric Healthcare, WI, USA). The proposed protocol is composed of three sequences: a 3D CUBE (a 3D fast spin echo sequence with variable flip angles and parallel imaging in two dimensions) [16] for cartilage morphology; a multi-echo (8 echoes) spin echo sequence for T2 maps [17] ; and a double-echo pulsed gradient spin echo sequence with echo planar imaging (EPI) readout for DTI acquisition with a b-value equal to 400 s/mm 2 . Six diffusion gradients were applied with one non-diffusion weighted acquisition (b-value equals 0). The in-plane resolution and slice thickness were set to maximum with a desired SNR using 16 NEX. To reduce geometrical distortion, parallel imaging option with acceleration factor 2 and partial Fourier option were also applied. The detailed imaging parameters are listed in Table 1 .
The cartilage morphology was analysed based on the 3D CUBE acquisition, and 3D anatomical models were reconstructed to understand its surface geometry. The sample's volume was measured using MITK open-source software [18] . The T2 map of each sample was created to calculate the global femur and tibia cartilage T2 values was programmed in MATLAB (R2007b, Natick, MA) using in-house software. The diffusion tensors were reconstructed using a standard linear regression algorithm with least squares. The apparent mean diffusivity and fractional anisotropy (FA) were calculated voxel-wise. The apparent mean diffusivity was calculated for both tibial and femoral cartilage of all four samples. The main orientation of the diffusion tensors was derived via eigensystem decomposition. The analyses were carried out using open source software CAMINO [19] and in-house software with MATLAB (R2007b, The MathWorks, Natick, MA, USA). The voxel-wise 3D diffusion tensor plot was created using a third party MATLAB software [20] .
Results
Between the two methods of sample preparation, preparation 1 introduced much less geometrical distortion than preparation 2, as expected in diffusion sequences. There was no notable distortion due to the susceptibility effects for all other sequences included in the protocol using either method of preparation. An example of a reconstructed femoral and tibial cartilage model (from the CUBE dataset of pig knee sample 1) is shown in Fig. 1 . In most places, the femoral cartilage appears to be thicker than the tibial cartilage, with a volume of 9.2 mm 3 than 2.0 mm 3 for the tibial cartilage. Sampled diffusion weighted images (in the axial plane) are presented in Fig. 2 . When compared to the corresponding non-diffusion weighted images (Fig. 2(a) ), the intensity in the cartilage region (the femoral cartilage is indicated by yellow arrows) decreased by 35.6% after the diffusion gradients were applied (Fig. 2(b) ).
Diffusion parameters are presented as a trace map and a FA map and examples (from sample 4) in Fig. 3 . The cartilage region corresponds to the hyper intensity in the trace map and low intensity in the FA map. The T2 values of the cartilage varied between 50 and 65 ms (one slice of the T2 map of sample 1 is shown in Fig. 4) . The internal cartilage structure may be indicated by the principal orientation of diffusion tensors (indicated by the first eigenvectors), as demonstrated in Fig. 5 . A 2D axial plane colourcoded FA map is shown in Fig. 5(a) including a zoom to show the cartilage more clearly (Fig. 5(b) , the cartilage area is delineated by yellow lines). Red, green and blue colours correspond to the x, y and z imaging axes respectively. The projection of the principal eigenvectors in each voxel are overlaid on top of the colour-coded map and scaled with the corresponding eigenvalues. A 3D tensor plot in the same region is also presented in Fig. 5(c) .
According to the figure, the diffusion tensors inside cartilage region mainly orientate along the z axis. This may indicate that the collagen fibres in this part are organized along the z axis. This part corresponds to the lower part of the femur condyle, whose surface winds through the axial plane. The volume and MR properties of the femoral and tibial cartilage of each sample are listed in Table 2 . The averaged cartilage volume for a healthy piglet is 9.8(±0.5) mm 3 for femoral cartilage and 2.3(±0.3) mm 3 for tibial cartilage. The averaged global T2 values for femoral and tibial cartilage are 67.0 and 56.1 ms, respectively. The global averaged ADC value (computed only from samples immersed in gel) was 1.3 × 10 −3 mm 2 /s for both femoral and tibial cartilage. 
Discussion
A clinical MR imaging protocol is proposed for the quantitative evaluation and monitoring of cartilage engineering, e.g. for osteoarthritis. We demonstrated the feasibility of this protocol on four piglet healthy knee joints. The current protocol is able to quantitatively characterise the 3D morphology, T2 and mean diffusion properties. The application included a diffusion tensor sequence and may also provide an opportunity to characterise the collagen fibre network. The total time required for the whole protocol is less than an hour (the maximum time allowed for examination of a patient) for future clinical translation. Since the T2 values are related to the water content of the cartilage matrix [2] , while anisotropic diffusion tensor principal orientations are caused by anisotropic diffusion of water molecules related to the orientation of the collagen fibre [14] , the two types of parametric maps can provide complementary insights into the cartilage.
The T2 maps of articular cartilage are a function of the water content of the tissue. In the present observation, the global T2 values of the femoral and tibial cartilage were 67.0 and 55.1 ms respectively, comparable to the values reported by Shiomi et al. in [21] in non-loading conditions. On clinical MR scanners, diffusion protocols are seriously affected by various artefacts, among which geometrical distortion and susceptibility effects are the most serious. This is due to the echo planar imaging (EPI) readout. The strategy exploited here to reduce geometrical distortion uses the partial Fourier option and a parallel imaging setting and consequently reduces the total length of the k-space trajectory.
The susceptibility effects in this ex vivo experiment mainly occurred in the interface between the knee joint and the air. This problem is not serious in sequences such as gradient or spin echoes, but is enhanced by a EPI sequence. We consequently investigated two ways of preparing the samples: one in ambient air, the other immersed in gel. As expected, the preparation using gel to immerse the sample led to less signal loss and geometrical distortion caused by susceptibility. However, some signal void regions were still observed. These were caused by air bubbles generated while the sample were being immersed in the gel. These regions were excluded when the T2 and ADC values were being calculated but were included for quantification of cartilage volume. Techniques such as dGEMRIC and T1 rho mapping are also considered to be beneficial for early detection of OA and for evaluation of cartilage engineering. The drawback of dGEMRIC imaging techniques is that they take a long time, not only for the acquisition itself, which may involve patient's motion artefacts, but also because of the long waiting time from injection of the contrast agent to the beginning of acquisition (i.e. 90 min) [5] . Although results of T1 rho mapping are promising, the limited accessibility of this sequence on commercial MR systems is responsible for its non-use in clinical applications. At the present time, we are focusing on establishing a clinical MR protocol which respects the time allowed for patient examination (normally 1 h). Consequently, only T2 mapping and DTI can satisfy this requirement.
Limitations of the study
Although the current protocol is promising in providing satisfactory images and enabling quantitative evaluation of cartilage morphology, composition and micro-structure, more experiments with both healthy and treated/diseased knee joint samples are needed to further demonstrate the efficacy of the protocol's ability to quantitatively characterise cartilage restoration/defection. For clinical diffusion protocols, the axial plane is preferred, while standard cartilage T2 maps are mainly acquired in the sagittal plane. Histological correlations will advance our understanding of the respective relationships between these two parametric maps, as biomarkers for the assessment of cartilage engineering.
Conclusion
The proposed protocol is applicable for quantification of pig femoral and tibial cartilage morphology, composition and internal structure ex vivo on a clinical MR scanner within the clinically allowed time. It has the potential to be used in combination for the quantitative assessment of healthy, diseased and engineered cartilage in vivo.
